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Introduction {#sec001}
============

Transitive inference (TI) refers to the ability to estimate relationships between items that have never been presented together based on previous information \[[@pone.0237817.ref001]\]. For example, from the premises 'A is smaller than B' and 'B is smaller than C', it follows that 'A is smaller than C' although the premise of A and C has not been presented previously. This ability had been thought to be the hallmark of human deductive reasoning \[[@pone.0237817.ref001]\]. However, McGonigle and Chalmers \[[@pone.0237817.ref002]\] tested this ability in squirrel monkeys using non-verbal procedures. During training, subjects were trained with a set of four stimuli simultaneous discrimination: A-B+, B-C+, C-D+, and D-E+, in which plus and minus denote reward and non-reward, respectively. After training, they chose D over B in the non-adjacent pair (i.e. a BD test) although the pair had never been presented during training and both stimuli were equally reinforced and non-reinforced. The authors suggested that the monkeys formed a linear hierarchy (A\<B\<C\<D\<E) based on the training pairs and that this was evidence of TI \[[@pone.0237817.ref002]\].

Some have supported this interpretation of the preference for D over B in the task because the task does not allow animals to form transitive relationships \[[@pone.0237817.ref001],[@pone.0237817.ref003]\]. In verbal tests, after being taught that B is smaller than C and C is smaller than D, a transitive hierarchy can be inferred, that is, B\<C\<D. In a non-verbal task for non-human animals, what is the result of learning that 'C is reinforced, B is not reinforced' and 'D is reinforced, C is not reinforced'? 'D is reinforced, B is not reinforced' may be incorrect because the relationship is not transitive \[[@pone.0237817.ref004]\]. In contrast, Wynne et al. \[[@pone.0237817.ref005]\] argued that if animals respond transitively even when the relations are not necessarily transitive, the mental process itself might be transitive. Thus, some refer to the preference for either stimulus in non-adjacent pairs in a TI task as transitive responding \[[@pone.0237817.ref004],[@pone.0237817.ref006]\].

Another important issue is that transitive responding may be based on simpler mechanisms such as associative models rather than cognitive processes, mental representation, or deductive reasoning \[[@pone.0237817.ref001]\]. Associative models propose that the choice of D is the result of the difference in the relative reinforcement history of the stimuli \[[@pone.0237817.ref007],[@pone.0237817.ref008]\]. For example, subjects who received more rewards by choosing D rather than B would subsequently develop a preference for D over B even in the absence of rewards \[[@pone.0237817.ref004],[@pone.0237817.ref006]\]. Value transfer theory, the first associative model, showed that reinforcement produced the ordered relationship A\<B\<C\<D\<E because of the bidirectional transfer of associative value between reinforced and non-reinforced stimuli \[[@pone.0237817.ref009]\]. Later studies found that transfer was not necessary to produce an ordered hierarchy \[[@pone.0237817.ref007],[@pone.0237817.ref008]\]. Some researchers used simulation procedures and others calculated the frequency of reward for each stimulus (B and D) to test whether reinforcement history can predict the choice of D in a BD test \[[@pone.0237817.ref004],[@pone.0237817.ref006]\].

Since the pioneering study on squirrel monkeys \[[@pone.0237817.ref002]\], researchers have conducted TI tasks among chimpanzees \[[@pone.0237817.ref010]\], rhesus monkeys \[[@pone.0237817.ref011]\], ring-tailed lemurs, mongoose lemurs \[[@pone.0237817.ref012]\], brown lemurs, black lemurs \[[@pone.0237817.ref013]\], rats \[[@pone.0237817.ref014]\], pigeons \[[@pone.0237817.ref006],[@pone.0237817.ref009]\], hooded crows \[[@pone.0237817.ref004]\], jackdaws \[[@pone.0237817.ref003]\], pinyon jays, western scrub jays \[[@pone.0237817.ref015]\], Clark's nutcrackers, azure-winged magpies \[[@pone.0237817.ref016]\], graylag geese \[[@pone.0237817.ref017]\], domestic chicks \[[@pone.0237817.ref018]\], and paper wasps \[[@pone.0237817.ref019]\]. It was also demonstrated that pinyon jays, two African cichlid fish and brook trout used TI to assess dominance rank based on observed social interactions in a controlled laboratory setting \[[@pone.0237817.ref020]--[@pone.0237817.ref024]\]; however, there is no study to test TI task in fish other than social context.

Here, we tested whether cleaner wrasses, *Labroides dimidiatus*, respond transitively in a TI task. Cleaner wrasses, a coral reef fish, are known as the most common cleaner fish that remove ectoparasites from the body surface of other fish (called 'clients') \[[@pone.0237817.ref025]\]. They occupy small territories (called 'cleaning stations') where they interact with clients and have more than 2000 interactions per day \[[@pone.0237817.ref025]\]. In the last two decades, cleaner wrasses have become a model species to examine fish social cognition \[[@pone.0237817.ref026],[@pone.0237817.ref027]\]. In fact, there is evidence that they possess the capability of colour discrimination, social evaluation, and mirror self-recognition \[[@pone.0237817.ref028]--[@pone.0237817.ref030]\]. Thus, testing a TI task in this fish would expand the understanding of fish cognition.

Cleaner wrasses are also known as harem fish and exhibit protogyny, where females change their sex and become male if they grow to be the largest among their group members \[[@pone.0237817.ref031]\]. In coral reefs, cleaner wrasse harems have neighbouring harems and females frequently visit these harems to assess social conditions such as harem size and the body size of members \[[@pone.0237817.ref032]\]. Females change harem when they find that a neighbouring harem contains fewer larger females and can change sex and monopolize reproduction earlier \[[@pone.0237817.ref032]\]. When females assess neighbouring harems, TI would help determine the dominance hierarchy by observing possible dyadic interactions among group members; that is, if A is dominant to B and B is dominant to C, then A would be probably also be dominant to C despite never having observed interactions between A and C \[[@pone.0237817.ref020],[@pone.0237817.ref021],[@pone.0237817.ref024]\]. Many researchers have suggested that TI has evolved in animals living in large and stable groups with a linear dominance hierarchy (also known as the social complexity hypothesis) \[[@pone.0237817.ref012],[@pone.0237817.ref013],[@pone.0237817.ref015],[@pone.0237817.ref016]\]. Thus, we predicted that cleaner wrasses have the ability of TI and can pass a TI task \[[@pone.0237817.ref001],[@pone.0237817.ref005]\].

For this study, we referred to the procedures used for chimpanzees and rats \[[@pone.0237817.ref010],[@pone.0237817.ref014]\]. We trained cleaner wrasses with a potentially hierarchical sequence of five differently coloured stimuli (A-B+, B-C+, C-D+, and D-E+) and subsequently presented a non-adjacent BD pair (i.e. a BD test). To exclude the possibility that training history rendered the associative strength of B greater than that of D, we calculated the reward/non-reward ratio \[[@pone.0237817.ref003],[@pone.0237817.ref006]\]. If cleaner wrasses exhibit transitive responding, we would expect that, during the BD test, our subjects would prefer to choose B over D despite training reinforcement history predicting a preference for D over B \[[@pone.0237817.ref001]\]. We also used two associative models to predict choices in the BD pair based on training history \[[@pone.0237817.ref007],[@pone.0237817.ref008]\].

Materials and methods {#sec002}
=====================

Subjects and acclimation to the experimental set-up {#sec003}
---------------------------------------------------

The experiments were conducted in our Laboratory at Osaka City University and Kyoto University using cleaner wrasses, *Labroides dimidiatus*, obtained from commercial breeders. We used four adult females \[total length (TL) of 5--6 cm\]. The experimental tanks measured 90 × 30 × 30 cm^3^ and were separated by two partitions (one opaque and one transparent) with a central sliding door (5 × 10 cm) into three compartments \[living area (40 × 30 × 30 cm^3^), observation area (10 × 30 × 30 cm^3^) and experimental area (40 × 30 × 30 cm^3^); see [Fig 1](#pone.0237817.g001){ref-type="fig"}\], and each subject was kept individually in the living area before starting the experiment. The fish were provided with a PVC tube (2.5 cm diameter, 10 cm length) that served as shelter in the living area. The tanks were maintained at 26 ± 2 ºC with a 12:12 h light:dark cycle and fed once per day (Tetramin).

![Schematic drawing of the experimental apparatus.\
The tank was separated by opaque and transparent partitions into three compartments (living, observation, and experimental areas). During the experiment, two plates were presented in the experimental area and separated by an opaque partition (see [Methods](#sec002){ref-type="sec"}).](pone.0237817.g001){#pone.0237817.g001}

The fish were trained to feed on mashed prawn smeared on coloured Plexiglass plates (6 × 6 cm^2^: red, blue, yellow, green, white, or black) prior to the experiments. One plate was left in the experimental area and both sliding doors were opened. Thus, the subjects had to enter the experimental area to access the plate by passing through the observing area. When the fish ate the food on the plate, we guided them to the living area using a hand net gently. Subsequently, the other plate, which had been refilled with mashed prawn, was presented. During this acclimation phase, all of the coloured plates were presented in random order. Each fish was habituated to enter the experimental area soon after opening the door over five consecutive days. No signs of disease were observed during the study and nor did we observe any stress-related behavior. All subjects were kept in laboratory for other experiments.

Training stage 1: Acquisition {#sec004}
-----------------------------

After acclimation with the experimental setting and plates, the fish were trained with 6 plate pairs of visual stimuli in a 5-term series. We chose five colour plates and assigned one to each stimulus (A, B, C, D, or E); the black and white plates were assigned as B or D to avoid colour bias in the BD test \[[@pone.0237817.ref011]\]. The colour combination for each subject is shown in [S1 Table](#pone.0237817.s002){ref-type="supplementary-material"}.

Training stage 1 was separated into six different phases. In the first phase, the subjects were exposed to the first pair (A-B+). A vertical opaque Plexiglass partition was inserted between the two plates to ensure that the fish could access only a single plate and avoid side bias ([Fig 1](#pone.0237817.g001){ref-type="fig"}) \[[@pone.0237817.ref033]\]. Both plates had equal amounts of food on the front side. When the plates were set, the opaque door of the living area was opened and the subjects were allowed to enter the observation area for 10 s. We defined 'choice' as when the tip of the fish's snout first passed the threshold of the Plexiglass partition between plates \[[@pone.0237817.ref033]\]. If subjects chose plate B, they would receive the reward and plate A was subsequently removed. However, if plate A was incorrectly chosen, both plates were removed and the fish could not access the reward. After the fish ate food from a correct plate or explored an incorrect plate for 5 s, they were gently directed back to the living area with the handle of a hand net \[[@pone.0237817.ref034]\]. The next trial began after an inter-trial interval of 1 min (correct choice) or 2 min (incorrect choice). One session consisted of six trials. The fish participated in up to three sessions per day and the inter-session interval was at least 2 hours. The location of the plates was constrained such that the same plate was never presented more than two consecutive times on the same side. When a fish solved 5/6 or 6/6 trials in two consecutive sessions (binomial test, p \< 0.05), it was considered to have learned the pair. After reaching this criterion, the fish was transferred to the next phase (B-C+). The sequence of training phase 1 was A-B+, B-C+, A-C+, C-D+, D-E+, and C-E+. Furthermore, we included exposure to two non-adjacent pairs (i.e. A-C+ and C-E+) during training phase 1. This addition might help the subject to integrate stimuli along a common dimension \[[@pone.0237817.ref014]\].

Training stage 2: Re-learning {#sec005}
-----------------------------

On the subsequent day, after completing phase 6 of training stage 1, to sophisticate learning for adjacent plate pairs, the fish repeated the same training phase except with two differences. First, we eliminated the two non-adjacent plate pairs used in training stage 1 (i.e. A-C+ and C-E+). Second, because training stage 2 immediately followed training stage 1 and incorrect plates would therefore be seldom chosen, the learning criterion was changed to 5/6 or 6/6 instances of the fish choosing the correct stimulus within one session. When the fish fulfilled the criterion for D-E+ pair, they were transferred to training stage 3 on the next day.

Training stage 3: Mixed pair exposure {#sec006}
-------------------------------------

To examine whether the fish learned all adjacent plate pairs, mixed pair exposure was employed within one session. Each plate pair (i.e. A-B+, B-C+, C-D+, and D-E+) was included in two trials within one session in the following order: A-B+, B-C+, C-D+, and D-E+. The learning criteria were: the fish (i) chose over 1/2 in each pair within a session and (ii) solved over 6/8 trials in two consecutive sessions. The inter-session interval was at least 3 hours.

Test phase {#sec007}
----------

The test phase began on the following day after fulfilling the criteria of training stage 3. In the morning, we conducted mixed pair exposure as in training stage 3 to examine the motivation of the fish. When the fish fulfilled the criteria in training stage 3, the test session was conducted after an interval of 3 hours. In the test session, we presented a non-adjacent plate pair (BD) four times. Because our preliminary study found that the fish did not enter the experimental area when they chose the correct plate but did not receive the reward, we used the same procedure as that in the training phase, that is, the fish could access the food when they chose plate D but not B. The inter-trial interval was also the same as that in the training phase. If the fish fulfilled the learning criterion in the morning, we conducted mixed pair exposure in the afternoon and did not test on that day. This procedure was repeated until each subject fish was tested in three test sessions (i.e. 12 BD test trials).

Simulations {#sec008}
-----------

We simulated the choice in the test phase based on the acquisition of an associative representation using two configural models: one based on the Rescorla-Wagner equations \[[@pone.0237817.ref005]\] and the other on the Luce equations \[[@pone.0237817.ref007]\]. Both models were used for pigeons and hooded crows and provided a satisfactory fit for training pairs \[[@pone.0237817.ref004],[@pone.0237817.ref006]\]. Lazareva et al. \[[@pone.0237817.ref004]\] modified these models to incorporate value transfer mechanisms. Thus, we used the Siemann-Delius and Wynne models with or without value transfer modifications. The data of each fish were fitted individually using the full sequence of trials presented during the training phase and employing the least-square error technique. The obtained associative values of the stimuli were used to calculate choice probability for the training pairs (i.e. the AB, BD, CD, and DE pairs) and the BD pair during the test phase according to the choice functions used by the models \[[@pone.0237817.ref004],[@pone.0237817.ref006]\]. All simulations were performed by MATLAB and the script described in ([S1 File](#pone.0237817.s008){ref-type="supplementary-material"}).

Data analyses {#sec009}
-------------

We predicted that cleaner fish would choose D over B after they learned four colour combinations (i.e. A-B+, B-C+, C-D+, and D-E+). To test this prediction, we used the binomial test to test for deviations from chance level in the BD test at the individual level. For the mixed pair exposure prior to the BD test, repeated measures one-way ANOVA was used to examine the difference in the total number of correct choices of each adjacent pair. To evaluate the relative associative strength of the stimuli B and D, we also calculated the reward/non-reward ratio (*R*) by dividing the number of rewards (*N*r) by the number of non-rewards (*N*n) in all of the training stages \[[@pone.0237817.ref003]\]. We used the chi-square test to compare *R*~*B*~ and *R*~*D*~ for each subject. All data analyses were conducted using R version 3.5.1 (The R Foundation for Statistical Computing, Vienna, Austria; [http://www.r-project.org](http://www.r-project.org/)).

Ethics information {#sec010}
------------------

All experiments adhered to the Association for the Study of Animal Behavior's Guidelines for the Use of Animals in Research and were conducted in compliance with the Regulations on Animal Experiments of Osaka City University, Kyoto University, and the Japan Ethological Society. No permits from the Japanese government were needed and our experiments were approved by Kyoto University (No. 19_46). No signs of disease were observed during the study and nor did we observe any stress-related behaviors.

Results {#sec011}
=======

All four fish learnt all of the training plate pairs over the three training stages and were transferred to the test phase ([S1 Fig](#pone.0237817.s001){ref-type="supplementary-material"}). For the training premise of plate pairs with mixed pair exposure, the total number of correct trials did not differ among the training pairs (ANOVA, F(3, 9) = 0.60, p = 0.63). When the non-adjacent BD plate pairs were presented, all subjects chose plate D significantly more than they did plate B (binomial test, p \< 0.05, [S2 Table](#pone.0237817.s003){ref-type="supplementary-material"}). The choice of D did not seem to improve during the three sessions ([Fig 2](#pone.0237817.g002){ref-type="fig"}) and three fish chose plate D on the first BD test trial (Fish 1, 3, and 4). Finally, we calculated the reward/non-reward ratio (*R* = *N*r/*N*n) for plates B and D ([Table 1](#pone.0237817.t001){ref-type="table"}). For only one fish (Fish 1), *R*~*D*~ was larger than *R*~*B*~ (chi-square test, χ^2^(1) = 4.90, p \< 0.05), although *R*~*B*~ was larger than *R*~*D*~ for Fish 2 (χ^2^(1) = 8.00, p \< 0.05) and there was an almost significant trend in Fish 3 (χ^2^(1) = 3.80, p = 0.051). There was no significant difference in Fish 4 (χ^2^(1) = 0.47, p = 0.50).

![The number of choices of plate D in the BD test across BD test sessions.\
Each session consists of four trials.](pone.0237817.g002){#pone.0237817.g002}
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###### The number of correct (*N*r) and incorrect (*N*n) choices and reward/non-reward ratio (*R*) in training stages 1, 2, and 3.

![](pone.0237817.t001){#pone.0237817.t001g}

         Fish 1   Fish 2   Fish 3   Fish 4
  ------ -------- -------- -------- --------
  *N*r                              
  B      38       38       36       46
  C      44       74       58       47
  D      43       55       41       59
  E      95       54       37       19
  *N*n                              
  A      22       24       14       10
  B      23       44       21       27
  C      33       31       17       11
  D      57       28       9        45
  *R*                               
  B      1.65     0.86     1.71     4.60
  D      0.75     1.96     4.56     5.36

We used the Siemann-Delius and Wynne models with or without value transfer modifications to calculate choice probability for the training pairs (i.e. the AB, BD, CD, and DE pairs) and the BD pair during the test phase. The results of the simulations are presented in [Fig 3](#pone.0237817.g003){ref-type="fig"}. The individual fits are shown in [S4](#pone.0237817.s005){ref-type="supplementary-material"} and [S5](#pone.0237817.s006){ref-type="supplementary-material"} Tables, and [S3 Table](#pone.0237817.s004){ref-type="supplementary-material"} provides model parameter values for the best fitting results. [Fig 3](#pone.0237817.g003){ref-type="fig"} shows that the original and modified models provided a good fit for training pairs. However, the models predicted the average preference for the BD pair to be at or below chance level ([S4](#pone.0237817.s005){ref-type="supplementary-material"} and [S5](#pone.0237817.s006){ref-type="supplementary-material"} Tables) except in two cases (the Siemann-Delius model with a value transfer mechanism for Fish 1 and the Wynne model for Fish 3).

![The obtained percentage of the correct choice in training premise pairs and transitive responses (i.e. choice of plate D) in the tested BD pair compared with simulations using the original and modified Wynne and Siemann-Delius models.\
The black squares and white circles denote the obtained and expected percentages, respectively. The dashed lines indicate the chance level (50%).](pone.0237817.g003){#pone.0237817.g003}

Discussion {#sec012}
==========

In this study, we tested whether cleaner fish, *Labroides dimidiatus*, exhibited transitive responding in a TI task. We trained fish to learn the premise plate pairs A-B+, B-C+, C-D+, and D-E+. Subsequently, a non-adjacent BD plate pair was presented. Our results showed that the four tested cleaner fish chose plate D over B, both of which had never been presented together prior to the test phase. This suggests that cleaner fish can respond transitively and is the first demonstration of a TI task in fish \[[@pone.0237817.ref001]\].

For the BD test, the procedure was the same as that in the training phase in order to maintain motivation; that is, when the fish chose the correct plate, they received a reward. Thus, it is possible that the fish solved the BD test via a rapid learning mechanism \[[@pone.0237817.ref003]\]. Cleaner fish could discriminate between plates with two different colour patterns within 20 or 30 trials \[[@pone.0237817.ref028]\]. If so, in the present study, the choice of D in the BD test would improve during the test phase and the BD pair would be learnt as a novel pair (i.e. the AB pair during training phase 1). In contrast with these predictions, we did not find such improvement and the choice of the BD pair (11.00 ± 1.15 trials) tended to be higher than that for novel pairs (6.50 ± 1.91 trials within 12 trials). To exclude the possibility of learning, we also focused on first trial on BD test. If cleaner fish learned the choice of D over B within a few trials, their choices on first trial would be random. However, three fish (fish 1, 3 and 4) chose the D on the first trial on BD test. These indicate that the influence of rapid learning during the BD test was small.

Because our training proceeded in a backward direction (i.e. A-B+, B-C+, C-D+, and D-E+) \[[@pone.0237817.ref001]\], the possibility remains that the selection of D over B in the BD test trials may reflect a recency effect \[[@pone.0237817.ref015]\]. That is, our subjects received a reward by choosing D (C-D+) recently on the morning of the test phase. However, it should be unlikely because they were also exposed to choosing D (D-E+) as a non-reward more recently. Additionally, some tested TI task in a backward and forward direction (forward direction; training proceeded in A+B-, B+C-, C+D-, and D+E-) and found that the training direction did not affect the score of BD test \[[@pone.0237817.ref008]\]. An experiment examining biological market theory found a decreased recency effect in cleaner wrasses \[[@pone.0237817.ref035]\]. Two plates (resident and visitor plates) were presented for the cleaner fish. When they chose the resident plate, the visitor plate could not be accessed. However, when they chose the visitor plate, they could access the resident plate and receive a reward. If the plate selection of cleaner fish depended on the most recent exposure, they should have chosen the resident plate because the trials ended by accessing the resident plate regardless of the plate that was chosen. The results showed that almost all of the cleaners chose the visitor plate initially \[[@pone.0237817.ref035]\], suggesting that the plate selection of cleaner fish may not depend on their most recent experience.

Although our subjects chose plate D in the BD test, the mechanism underlying the transitive responding remains unclear. Some have argued that transitive responding in a TI task is based on reinforcement history during the training phase (associative models) \[[@pone.0237817.ref001]\]. To examine this possibility, we calculated the reward/non-reward ratio as the index of the relative associative strength of the stimuli B and D \[[@pone.0237817.ref004],[@pone.0237817.ref006]\]. For three fish, *R*~*D*~ was larger than *R*~*B*~, that is, they received the reward more frequently by choosing D than B. Thus, it is possible that D was chosen because of its high relative associative strength. In contrast, for Fish 1, *R*~*D*~ was not larger than *R*~*B*~, suggesting that for at least this fish, relative associative strength based on training history might not explain the choice of D over B. To examine the effect of training history, we used two configural models, the Siemann-Delius and Wynne models, to calculate the possibility of choosing the training pairs and the BD pair during the test phase \[[@pone.0237817.ref004],[@pone.0237817.ref006]\]. Both models provided a good fit for the training pairs; however, the probability of choosing D in the BD test was at or below chance level. Taken together, reinforcement history is insufficient to predict the transitive responding in the tested fish, although the mechanism remains unclear.

Grosenick et al. \[[@pone.0237817.ref021]\] are the first to examine the ability of TI in fish in the social context, using an African cichlid fish, *Astatotilapia burtoni*. In the study, bystander fish observe aggressive interactions between five size-matched conspecific males (A, B, C, D and E). During training, the following contests were presented to the bystander (A+B-, B+C-, C+D- and D+E-, where a plus means a win and a minus denotes a lose). When B and D were presented simultaneously, bystanders avoid fish D, suggesting that they can infer the linear dominance hierarchy (i.e. A\>B\>C\>D\>E). Others also tested in another African cichlid fish, *Julidochromis transcriptus*, and Brook trout, *Salvelinus fontinalis*, by using similar procedure \[[@pone.0237817.ref022]--[@pone.0237817.ref024]\]. These studies revealed TI ability in fish but also conducted with the implicit limitation that TI in fish might be a specialized form of cognition to social context. On the other hand, we demonstrated in a more abstract general procedure developed for mammals and birds \[[@pone.0237817.ref001]\]. In other words, our study shows that TI ability in fish reported so far are not merely revealing about social cognition, but also fish have a more fundamental inferential capability than previously thought.

It has been assumed that transitive inference evolved in social animals living in large and stable groups \[[@pone.0237817.ref001]\]. Bond et al. \[[@pone.0237817.ref015]\] tested this hypothesis to compare performance in a BD test between highly social pinyon jays and less social scrub jays. They found that pinyon jays performed better than did scrub jays. Moreover, the choices of pinyon jays in the BD test were consistent with cognitive accounts but those of scrub jays fitted associative representations \[[@pone.0237817.ref016]\]. However, social complexity as well as feeding ecology differs between the two species of jays. Pinyon jays have high spatial cognition because they cache many seeds before the winter season and retrieve them after a long period. If transitive inference is supported by spatial representation \[[@pone.0237817.ref001]\], their sophisticated spatial cognition may develop the ability of transitive inference \[[@pone.0237817.ref012]\]. To test this possibility, they added two species of jays that differ in social complexity and/or feeding ecology from pinyon and scrub jays \[[@pone.0237817.ref016]\]. The results showed that both social and feeding ecology influenced performance in the BD test. In contrast, comparative studies in prosimian primates and lemurs did not support the hypothesis that transitive inference evolved in social animals \[[@pone.0237817.ref012],[@pone.0237817.ref013]\]. Cleaner wrasses have complex interactions with conspecifics and heterospecifics, but spatial cognition does not differ from other labroid fishes \[[@pone.0237817.ref036]\]. Thus, labroid fishes are good candidates to test whether social complexity or spatial cognition develops the ability of transitive inference.

In this study, we revealed that cleaner wrasses can respond transitively in a TI task. To the best of our knowledge, this is the first documentation of transitive responding in fish. The model simulation results did not support the possibility that the choice of plate D in the BD test was predicted by reinforcement history; however, the mechanism underlying the transitive responding remains unclear. Thus, future studies with modified procedures, such as the circular task, should examine whether fish can form mental representations based on training premise pairs \[[@pone.0237817.ref011]\]. The hippocampus is thought to play a central role in transitive inference \[[@pone.0237817.ref037]\]. A recent study found a structure homologous to the hippocampus in the fish brain (dorsolateral telencephalon) \[[@pone.0237817.ref027]\]. Thus, neurobiological investigation would also contribute to revealing the mechanism of transitive responding in fish.
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If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter. Guidelines for resubmitting your figure files are available below the reviewer comments at the end of this letter.

If applicable, we recommend that you deposit your laboratory protocols in protocols.io to enhance the reproducibility of your results. Protocols.io assigns your protocol its own identifier (DOI) so that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

We look forward to receiving your revised manuscript.

Kind regards,

Nicolas Chaline

Academic Editor

PLOS ONE

Journal Requirements:

When submitting your revision, we need you to address these additional requirements.

1\. Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at <https://journals.plos.org/plosone/s/file?id=wjVg/PLOSOne_formatting_sample_main_body.pdf> and <https://journals.plos.org/plosone/s/file?id=ba62/PLOSOne_formatting_sample_title_authors_affiliations.pdf>

2\. Please provide details concerning the final disposition of the animals at the end of the study, and describe any procedures for euthanasia.

3\. Please include captions for your Supporting Information files at the end of your manuscript, and update any in-text citations to match accordingly. Please see our Supporting Information guidelines for more information: [http://journals.plos.org/plosone/s/supporting-information](about:blank).

Additional Editor Comments (if provided):

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: In their manuscript, \"Transitive inference in cleaner wrasses (Labroides dimidiatus)\" authors Hotta, Ueno, Hataj, Kuroshima, Fujita, and Kohda describe the results of a transitive inference procedure conducted using cleaner wrasses. They assert (correctly, so far as I am aware) that this is the first demonstration of TI in fish that does not depend on a comparison of social rank.

For the most part, the experiment that the authors have conducted what in the abstract appears to be a very standard training procedure for a TI experiment. Their main innovation is to describe how this can be done in fish using stimuli that are more abstract in character than has been demonstrated previously, and they have included a sufficient level of detail that an interested party could replicate the experiment without difficulty. This on its own is a substantial contribution, as it provides a template for implementing this cognitive probe in a much wider range of species. The analysis and interpretation of the data are clear and convincing. On its experimental merits alone, I think this manuscript is suitable for publication.

My main advice for improving the manuscript relates to the theoretical calculation of associative strength using value transfer models. The reader is told that these models were fit \"with or without value transfer modifications\" but any further details about this implementation are omitted. Since the analyses were conducted in R, I think it would be beneficial to future work in this area for the authors to add an annotated R script to their supplemental information that a rader could download and run to replicate the process of fitting parameters using these models, in order to confirm the predicted behavior at test that is reported in Figure 3. Since the comparison of behavior to that of associative models is central to the claims made in the paper, the authors would do the field a favor by showing their work at this stage.

I also think the authors should devote at least a paragraph of their discussion to comparing this study to other studies that have examined TI in fish. The work by Grosenick and colleagues (2007) was surprising to at least a few comparative psychologists. That study\'s reliance on dominance hierarchies set the stage for subsequent TI procedures, but also carried with it the implied limitation that this might be a specialized form of cognition, limited to the social arena. The authors should revisit more explicitly the claim they make in the introduction that the current study demonstrates TI in a more abstract way than has been accomplished in fish to date, which in turn should strengthen the reader\'s confidence that past reports of TI in fish are not merely quirks of social cognition, but may indeed reflect a more fundamental inferential capacity.

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: Yes: Greg Jensen

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email PLOS at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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11 Jun 2020

Comment 1

In their manuscript, \"Transitive inference in cleaner wrasses (Labroides dimidiatus)\" authors Hotta, Ueno, Hataji, Kuroshima, Fujita, and Kohda describe the results of a transitive inference procedure conducted using cleaner wrasses. They assert (correctly, so far as I am aware) that this is the first demonstration of TI in fish that does not depend on a comparison of social rank.

For the most part, the experiment that the authors have conducted what in the abstract appears to be a very standard training procedure for a TI experiment. Their main innovation is to describe how this can be done in fish using stimuli that are more abstract in character than has been demonstrated previously, and they have included a sufficient level of detail that an interested party could replicate the experiment without difficulty. This on its own is a substantial contribution, as it provides a template for implementing this cognitive probe in a much wider range of species. The analysis and interpretation of the data are clear and convincing. On its experimental merits alone, I think this manuscript is suitable for publication.

Response 1

We wish to express our appreciation to Reviewer \#1 for his (or her) insightful comments, which have helped us significantly improve the paper. As pointed out, we added the information on simulations and the discussion the difference in previous study in other fish.

Comment 2

My main advice for improving the manuscript relates to the theoretical calculation of associative strength using value transfer models. The reader is told that these models were fit \"with or without value transfer modifications\" but any further details about this implementation are omitted. Since the analyses were conducted in R, I think it would be beneficial to future work in this area for the authors to add an annotated R script to their supplemental information that a reader could download and run to replicate the process of fitting parameters using these models, in order to confirm the predicted behavior at test that is reported in Figure 3. Since the comparison of behavior to that of associative models is central to the claims made in the paper, the authors would do the field a favor by showing their work at this stage.

Response 2

Thank you for your advices. All simulations were performed by MATLAB and we presented the script as supplemental file (Zip file). We added this sentence in L. 233-234.

Comment 3

I also think the authors should devote at least a paragraph of their discussion to comparing this study to other studies that have examined TI in fish. The work by Grosenick and colleagues (2007) was surprising to at least a few comparative psychologists. That study\'s reliance on dominance hierarchies set the stage for subsequent TI procedures, but also carried with it the implied limitation that this might be a specialized form of cognition, limited to the social arena. The authors should revisit more explicitly the claim they make in the introduction that the current study demonstrates TI in a more abstract way than has been accomplished in fish to date, which in turn should strengthen the reader\'s confidence that past reports of TI in fish are not merely quirks of social cognition, but may indeed reflect a more fundamental inferential capacity.

Response 3

Thank you for your suggestion. We agree that our study strengthen previous researches on transitive inference in fish. Previous studies (e.g. Grosenick et al. 2007) surely revealed that some fish have a capable of TI in social context, but it conducted with the implicated limitation that it may be a specialized form of cognition in dominance relationship. However, we demonstrated in a similar way such as mammals and birds in more abstract context. Thus, our results indicated that the TI ability found in previous studies are not merely social cognition, but also reflect a more fundamental inference capability in fish.

Like this, we added a paragraph for discussion in L. 344-357.
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Transitive inference in cleaner wrasses (Labroides dimidiatus)

PONE-D-20-08282R1

Dear Dr. Hotta,

We're pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it meets all outstanding technical requirements.

Within one week, you'll receive an e-mail detailing the required amendments. When these have been addressed, you'll receive a formal acceptance letter and your manuscript will be scheduled for publication.

An invoice for payment will follow shortly after the formal acceptance. To ensure an efficient process, please log into Editorial Manager at <http://www.editorialmanager.com/pone/>, click the \'Update My Information\' link at the top of the page, and double check that your user information is up-to-date. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to help maximize its impact. If they'll be preparing press materials, please inform our press team as soon as possible \-- no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

Kind regards,

Nicolas Chaline

Academic Editor

PLOS ONE

Additional Editor Comments (optional):

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#1: All comments have been addressed

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: In their manuscript, \"Transitive inference in cleaner wrasses (Labroides dimidiatus)\" authors Hotta, Ueno, Hataj, Kuroshima, Fujita, and Kohda describe the results of a transitive inference procedure conducted using cleaner wrasses.

As noted in my previous review, I already considered the manuscript to be in satisfactory condition to warrant acceptance, and I remain enthusiastic about its publication. I would like to thank the authors to taking my additional small comments on board, particularly the inclusion of their simulation scripts. I look forward to seeing it in digital print, so to speak.

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: **Yes: **Greg Jensen
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Transitive inference in cleaner wrasses (*Labroides dimidiatus*)

Dear Dr. Hotta:

I\'m pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please let them know about your upcoming paper now to help maximize its impact. If they\'ll be preparing press materials, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

If we can help with anything else, please email us at <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE and supporting open access.

Kind regards,

PLOS ONE Editorial Office Staff

on behalf of

Professor Nicolas Chaline

Academic Editor

PLOS ONE
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